INTRODUCTION
Sodium pyrithione and zinc pyrithione (NaPT and ZnPT, respectively) are the sodium salt and zinc chelate of hydroxypyrithione. Sodium pyrithione exists as a pyrithiolate anion and a sodium cation when solubilized (Nelson and Hyde 1981) . Zinc pyrithione exists in the monomeric form as two pyridine rings bound to a central zinc atom by bonds between the zinc atom and the sulphur and oxygen molecules of the pyridine ring structures (Nelson and Hyde 1981) . Zinc pyrithione may also exist as a dimer (Barnett et al. 1977) . In the dimeric form, the zinc atoms of the two monomers have valencies of five, allowing two monomers to become adjoined via zinc-oxygen bridges (Fig. 1) . Both NaPT and ZnPT are widely used in the cosmetics industry as preservatives and, because of their metal chelating properties, they are also employed in the mining industry for the extraction of metals from ore samples (Edrissi et al. 1971) . Membrane activity by NaPT and ZnPT has been exhibited in both eukaryotic and prokaryotic micro-organisms. The effect of NaPT on nutrient uptake in Penicillium species has been shown to be detrimental to fungal growth (Chandler and Segel 1978) . More recently, the effect of NaPT on the membrane electropotential of Neurospora crassa has been exhibited (Ermolayeva et al. 1995) . In bacteria, the inhibition of thymidine and uracil transport processes has been reported (Khattar et al. 1988 (Khattar et al. , 1989 . Previous work performed in this laboratory suggests that both pyrithiones induce the leakage of intracellular material from exposed cultures of Escherichia coli and Pseudomonas aeruginosa as well as affecting nutrient uptake in bacteria by the inhibition of membrane-bound metabolic processes (Dinning et al. 1998) .
Reports on the chemical activity of the pyrithiones have exhibited metal chelating properties of these compounds (Edrissi et al. 1971) . The ability of the pyrithione biocides to chelate metal cations would allow the pyrithiones to disrupt membrane structure by chelating the divalent metal cations which maintain bacterial membrane conformation. Transchelation may also explain the neutralization of the growth inhibitory action of ZnPT by compounds such as EDTA (Khattar et al. 1988) .
This paper initially investigates the chemical activity of the pyrithione biocides with the chelating agent EDTA and the polar head group of the bacterial phospholipid phosphatidyl-ethanolamine using tube dilution neutralizer studies ; u.v./vis spectrophotometry was also used to investigate the potential formation of chemical complexes between the neutralizers (EDTA and cysteine) and both pyrithiones by observing changes in the spectrophotometric profiles of various reaction mixtures. Consequently, investigations into the chemical interactions between both biocides and cysteine, a glycine dimer and the polar head group of the abundant membrane phospholipid phosphatidylethanolamine, were undertaken using computer generated molecular modelling techniques.
MATERIALS AND METHODS

Organisms
Cultures of Escherichia coli NCIMB 10000 and Pseudomonas aeruginosa NCIMB 10548 were obtained from the National Collection of Industrial and Marine Bacteria (Aberdeen, UK). Both organisms were grown on nutrient agar slopes (Oxoid CM1) at 37°C. After incubation, cultures were stored in a darkened cupboard at room temperature. When grown in liquid culture, unless otherwise stated, a chemically defined medium (CDM) was used (Medium number 149, Pseudomonas media, 1994 NCIMB Catalogue, replacing 0·5% succinic acid with 0·5% glycerol).
Tube dilution neutralizer studies
The tube dilution technique (Bloomfield 1991 ) was utilized to determine the effect of potential neutralizers (D-cysteine, D-alanine, EDTA, phosphatidylcholine, phosphatidylethanolamine, linoleic acid and L-glucose) on the minimum inhibitory concentration (MIC) values of both NaPT and ZnPT (Dinning et al. 1998) . The potential neutralizers were chosen as representative compounds from each major group of biologically active compounds. The metabolically inactive isomers of amino acids and carbohydrates were used to ensure that the extracellular pools of these compounds would not enhance the growth of the test micro-organisms during the course of the experiment. EDTA was chosen as a potential neutralizer of the pyrithiones in order to repeat the observed neutralization of the pyrithiones as reported by Khattar et al. (1988) . Control experiments indicated that the EDTA had no antimicrobial effect against either test micro-organism at the concentrations used in this experiment.
Triplicate sets of sterile dilution tubes were prepared to contain 9·0 ml of sterile CDM. Aliquots of NaPT and sterile deionized water (0·125 ml) were added to give the following biocide concentration range : 0, 80, 90, 100, 110, 120, 130, 140, 150 and 160 mg ml −1 . One of each of the three sets of tubes was prepared to contain potential neutralizer concentrations which were equivalent to equimolar, semi-equimolar and quarter-equimolar concentrations of biocide present. However, as a result of their irregular formula weights, phosphatidylethanolamine and phosphatidylcholine were added at equal, semi-equal and quarter-equal concentrations (mg ml −1 ) of biocide. The total volume of potential neutralizer and deionized water added was 0·625 ml. Each set of tubes was then inoculated with an aliquot (0·25 ml) of overnight bacterial culture which had been grown in CDM at 37°C in a shaking incubator (200 oscillations min −1 ). The tubes were then incubated for 19 h at 37°C. After this time, 
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Observed MIC (mg ml
With PN Without PN  ------------------------------------- the MIC values were determined (Table 1 ). This experiment was repeated for both E. coli and Ps. aeruginosa against both biocides. The concentration ranges used for ZnPT were : 0, 8, 12, 16, 20 and 24 mg ml −1 for Ps. aeruginosa and 0, 2, 4, 6, 8 and 10 mg ml −1 for E. coli.
u.v./vis spectrophotometry
The u.v./vis spectra (250-450 nm) of NaPT, ZnPT, EDTA and cysteine (2 ml of 0·335 mmol l −1 solution in dimethyl formamide (DMF) in a 1 cm path length u.v./vis cuvette) were individually obtained using a Shimadzu u.v./vis scanning spectrophotometer UV-160 (Shimadzu Corporation, Kyoto, Japan). Observations of peaks and their corresponding wavelengths were recorded ( Table 2) . The biocides were then mixed with the neutralizers at equimolar concentrations (0·335 mmol l −1 in DMF) and the u.v./vis spectra of the respective reaction mixtures were obtained as printed traces of absorbance against wavelength. Peaks and their corresponding wavelengths were recorded (Table 3 ). The traces for biocide, neutralizer, and biocide plus neutralizer were then overlayed for ease of comparison and changes in peak wavelength observed and recorded (Table 3) . Table 2 Wavelengths (nm) of peaks obtained from scanning spectrophotometric traces for NaPT, ZnPT, EDTA and Cysteine
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* New peaks which appeared in the reaction mixture u.v./vis spectra. [ ], Peaks which disappeared from the reaction mixture u.v./vis spectra.
Molecular modelling
The interactions of the pyrithiolate anion (the diffused form of NaPT) with cysteine ( Fig. 2a) , a glycine dimer (Fig. 2b ) and the phosphatidylethanolamine head group (Fig. 2c) were investigated using molecular modelling techniques. In addition, the interactions of the same three systems were studied with ZnPT dimer observed in the crystal structure (Figs 3 and 4) (Barnett et al. 1977) . Structures were built using the SYBYL 6.1 molecular modelling package and the energy minimized using the Tripos force field (Tripos Associates Inc., St Louis, MO, USA). The built-in rigid body docking routine was then used to study the interactions between the various species to find initial approximate bind- Fig. 2 Computer generated complex formation between (a) the pyrithiolate anion (diffused form of NaPT in solution) and a cysteine monomer ; (b) the pyrithiolate anion and a small peptide (a glycine dimer) ; and (c) the pyrithiolate anion and the phosphatidylethanolamine head group ing orientations between the pairs of molecules. These binding modes were then refined with quantum mechanical geometry optimization using the AM1 method (Dewar et al. 1985) . These calculations were performed using the MOPAC 93 program (QCPE Program 455, Department of Chemistry, Indiana University, Bloomington, IN, USA). All calculations were carried out in the gas phase with no solvent effect included. In order to obtain binding enthalpies, the calculated heats of formation of the complexes were compared with those of the individual components at infinite separation. If DH products f is the heat of formation of the complex and DH 
A negative heat of reaction (enthalpy) indicates the formation of stable product (Table 4) .
RESULTS
Tube dilution neutralizer studies
No neutralization of either pyrithione was observed in the presence of either D-alanine, L-glucose, phosphatidylcholine or linoleic acid. However, effective increases in MIC values were observed for EDTA and phosphatidylethanolamine against both biocides and for cysteine against ZnPT (Table 1) .
uv./vis spectrophotometry
From the results in Table 2 it can be seen that both NaPT and ZnPT exhibit three peaks (269, 303, 373 nm and 275, 287 and 323 nm, respectively). For NaPT, the peaks appearing at 269 nm and 304 nm are due to the excitation of shared electrons within the conjugate pyridine ring structure (Crooks 1978) . These shared electrons have moved from a stable porbital to an excited p*-orbital upon exposure to light in the region of 270-300 nm, exhibiting electrons which belong to a conjugate system (Crooks 1978 ; Williams and Flemming 1980) . The third peak at 373 nm is due to the excitation of the electrons on the sulphur atom substituent on the pyridine ring structure. Towards this region of the spectrum, the electrons of non-conjugate atoms become excited and move from a ground state p-orbital to a p*-orbital (Crooks 1978 ; Williams and Flemming 1980) . The peaks exhibited by ZnPT (275, 287 and 323 nm, Table  2 ) account for the excitation of shared conjugate electrons from the p-orbital to the p*-orbital. This is due to ZnPT existing as a complex of either two or four conjugate pyridine rings bonding with one or two central zinc atoms. The changes observed in the spectrum for NaPT on the addition of equimolar EDTA were due to an additive effect of the two spectra (Table 3 ). The results in Table 3 indicate that a reaction occurred between NaPT and cysteine. The first two peaks observed at 269 and 304 nm in the equimolar mixture account for the conjugate system within the pyridine ring. The appearance of a peak at 358 nm signifies the movement of electrons from a conjugate to a non-conjugate system. This may be indicative of hydrogen bonding between NaPT and cysteine which draws electrons away from the conjugate pryidine ring system. This would remove electrons from an excitation state where they move from p-orbitals to p*-orbitals to a state where they move between p-orbitals and p-orbitals (Williams and Flemming 1980) . The change in peaks for the reaction of ZnPT with EDTA (Table 3) indicates that a reaction has occurred between these compounds. The peaks (Table 3 ) denote the presence of conjugate electrons in the pyridine ring structures of ZnPT. The presence of new peaks at 300, 312, and 331 nm indicates that electrons have been moved from a conjugate to a nonconjugate system. The movement of these electrons to a nonconjugate state suggests that EDTA has chelated the zinc atom from the centre of the ZnPT molecule. This is also suggested by the appearance of a new peak at 358 nm which corresponds to the non-conjugate sulphur atom in NaPT (Tables 2 and 3) .
Consequently, this indicates the release of NaPT after the chelation of the zinc by EDTA. It should be noted that EDTA is solubilized as the sodium salt of EDTA, producing a solution of sodium-EDTA. Therefore, the chelation of zinc by EDTA would release the sodium ions which would then be accepted by the free pyrithiolate ions to yield NaPT. No noticeable effects were observed on reacting ZnPT with equimolar concentrations of cysteine (Table 3) . No increase or decrease in peak wavelengths would indicate that no changes have occurred in the electron excitation states, suggesting that any changes in the spectrum of ZnPT with the presence of cysteine were due solely to the additive effect of the two spectra. 
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Heat of formation of complex Interaction enthalpy b ------------------------------------- Table 4 shows the heats of formation of the various reactants and product complexes, as well as the calculated heats (enthalpies) of reaction. It can be seen that there is an attractive interaction between cysteine and the pyrithiolate anion, and the resultant complex is shown in Fig. 2a . This is also true of the glycine dimer (Fig. 2b) and the phosphatidylethanolamine head group (Fig. 2c) . The interactions between the ZnPT dimer with these species are also attractive. Two possible complexes between the ZnPT dimer and the lipid head group are shown in Figs 3 and 4. The pyrithiolate anion forms hydrogen bonds to all three reactants (Figs 2a, b and c) and this is true of the interactions between the ZnPT dimer with cysteine and the glycine dimer. However, the interaction between the ZnPT dimer and the ammonium tail of the lipid head group is strong enough to pull the dimer apart (Figs 3 and 4), potentially releasing free pyrithiolate and zinc ions at the membrane surface.
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Molecular modelling
DISCUSSION
The pyrithione group compounds are known chelators of metal cations and as such have been widely used in industry (Edrissi et al. 1971 ; Fenn and Alexander 1988 ; Nakajima et al. 1993) . In this study, the presence of EDTA together with NaPT resulted in the chelation and removal of free iron from the chemically defined medium. Subsequently, bacterial growth was inhibited. This was overcome in these experiments by the addition of extra iron to the medium. The chelating properties of the pyrithiones suggest that these biocides may induce stasis of bacterial growth by starving the organisms of vital cationic nutrients (i.e., iron, calcium, potassium etc.). The neutralization of pyrithione action by EDTA (Table 1) supports published experimental data (Khattar et al. 1988) . The observed neutralization of these biocides by EDTA suggests that a direct chemical interaction occurs between the biocides and this neutralizer. However, in solution, both EDTA and NaPT are anionic. In the case of EDTA, this is due to the carboxylic acid groupings on the molecule and for NaPT, to the presence of the thiohydroxamic acid ring structure. The presence of such structures indicates that no chemical interaction should occur between EDTA and NaPT under conditions required for bacterial growth as a result of the physical repulsion of two negatively charged groups (Holum 1986 ). Consequently, the neutralization effect of EDTA towards NaPT must be occurring at a biochemical level. The neutralization of the antimicrobial action of ZnPT by EDTA is the result of a chelation effect. EDTA possesses stronger electronegative properties than ZnPT and will form a complex with it via the chelation of the central zinc atom. This is reflected by the changes in the u.v./visible scanning spectra for ZnPT and EDTA when they are present together in solution (Table 3) .
It is known that EDTA causes removal of lipopolysaccharide (LPS) and phospholipid groups from the outer membrane of Gram-negative bacteria due to the chelation of metal cations from the bacterial envelope surface (Franklin and Snow 1991) . Consequently, this compound is classed as a membrane active antibacterial agent and when used in high concentrations, may induce bacteristasis and even bacterial death (Franklin and Snow 1991) . The inverse may also occur, where pyrithione chelation of membrane bound divalent metal cations prevents the action of EDTA at the Gram-negative envelope. The observed neutralization of NaPT and ZnPT by the presence of EDTA (Table 1) is indicative of a direct cellular interaction by these antimicrobial agents.
The neutralization of the antimicrobial activity of ZnPT and NaPT by other important biomolecules (phosphatidylethanolamine and cysteine, Table 1 ) is also indicative of direct interactions between the pyrithione biocides and the bacterial cell. The thiol-containing amino acid cysteine was shown to neutralize the antimicrobial effect of ZnPT (Table  1) . From the tube dilution neutralizer studies (Table 1) , the scanning spectrophotometry studies (Tables 2 and 3 ) and computer generated molecular modelling (Table 4) , cysteine was also shown to form a stable complex with ZnPT. The bacterial membrane phospholipid phosphatidylethanolamine was shown to neutralize the effects of both NaPT and ZnPT in the neutralizer studies and to interact chemically with both biocides in the computer generated molecular modelling data (Tables 1 and 4, Figs 2c, 3 and 4) . This information suggests that the pyrithiones are chemically interactive with important biomolecules and also suggests that NaPT and ZnPT are capable of direct biochemical interactions with bacterial cells.
Although the bacterial envelope is the first physical barrier which a biocide must traverse in order to obtain entry to the cytosol, the deterioration of the bacterial cell envelope may be a secondary effect of the intracellular action of the test biocide. For example, a hydrophilic biocide may be taken up into the bacterial cytosol as a result of hydrophilic channelling via porins (Hancock and Bell 1988) . Subsequently, this may induce intracellular chemical shock (Hancock and Bell 1988) . The effect of this chemical shock may be the intracellular deterioration of the bacterial envelope, manifesting itself as the leakage of intracellular constituents. However, the molecular modelling (Table 4 , Figs 2c, 3 and 4) and the neutralizer studies ( Table 1 ) have shown that the pyrithione biocides have the potential to interact with the bacterial membrane.
From the molecular modelling, stable interactions were observed for both NaPT and ZnPT (both the monomer and dimer forms) with the bacterial membrane phospholipid phosphatidylethanolamine (Figs 2c, 3 and 4) . Hydrogen bonding between the phospholipid head group and NaPT was observed (Fig. 2c) . Zinc pyrithione interacts more strongly with the phospholipid head group than NaPT, suggesting interactions with the orthophosphoric acid group and ammonium groups of the phospholipid head group (Figs 3  and 4) . The occurrence of these interactions at the bacterial cell membrane may result in the disaggregation of the phospholipid head structure at the outer leaflet of the membrane. These interactions may also indicate the chelation of phosphorylethanolamine head groups from the core structure of the external lipopolysaccharide which would contribute to membrane disruption. Amine interaction is stronger than phosphate. However, the former will be greatly weakened in water, as will the cysteine and peptide interactions. The break up of the Zn 2 PT 4 dimer by PE will also be entropically favoured. The interactions with PT − are also very strong and will be weakened in aqueous solution.
In addition to these interactions between the pyrithiones and phospholipid head groups, chelation of divalent metal cations present on the bacterial envelope by the pyrithiones would break down bacterial envelope configuration. The presence of such ions (Mg 2¦ , Mn 2¦ and Ca 2¦ ) on the envelope maintains membrane integrity, the loss of which results in weakened binding of the Gram-negative outer membrane to the peptidoglycan layer via Braun's lipoprotein (Hoyle and Beveridge 1983a, b ; Beveridge 1989) . The disrupted configuration of the bacterial cell envelope would then allow the passage of free pyrithione molecules across the envelope and into the cytosol. This in turn would result in the intracellular action of NaPT molecules and may allow them to interact with phospholipid head groups on the inner leaflet of the cytosolic membrane. This may occur in the case of the complex formation between the ZnPT dimer and phospholipid head groups as shown in Fig. 4 .
The interactions between the phosphoric acid group of the phospholipid head structure and the central zinc atom of one of the ZnPT monomers within the ZnPT dimer is shown in Fig. 4 . This has resulted in the breakdown of the original interaction between the two ZnPT monomers (the zincoxygen bridges) and may result in the release of a separate ZnPT monomer which would be capable of reacting with adjacent phospholipid head groups. The interaction between the ZnPT monomer and the phospholipid would be similar to that exhibited by the ZnPT dimer reaction in Fig. 4 , indicating potential chelation of the zinc atom from the monomer by the phosphoric acid group of the phospholipid head structure. The disruption of the ZnPT monomeric and dimeric configuration by the phospholipid head groups may result in the release of up to four free pyrithiolate anions. The chelation of the zinc atom would result from the interaction of adjacent phospholipids on a single ZnPT molecule. This would occur at the Gram-negative outer membrane which may already be disrupted by the interactions of the phosphatidylethanolamine head groups and bound ZnPT molecules. Such interactions would allow the released pyrithiolate ions to diffuse across the disrupted membrane into the bacterial cell. Such a migration would consequently allow the pyrithiolate anions to act at an intracellular level where they could chelate important cationic metals (Fig. 5) . This suggested mode of action for the pyrithione biocides is not dissimilar to that of the quaternary ammonium compounds (QACs) which destabilize the ionic content of the bacterial -----------------------------4 , proteins and metalloenzymes) membrane prior to disruption of the phospholipid bilayer (Broxton et al. 1984 ; Woodcock 1988) . It has been reported that the pyrithione ring is structurally analogous to some of the QAC group members (Hyde and Nelson 1984) . The experimental evidence from this study supports the above hypothesis, illustrated in Fig. 5 , and strongly indicates the membrane activity of the antimicrobial agents NaPT and ZnPT.
